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Targeted long‑read sequencing facilitates 
effective carrier screening for complex 
monogenic diseases including spinal muscular 
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Abstract 

Background  Next-generation sequencing (NGS) has been applied for carrier screening, effectively reducing the inci-
dence of severe diseases. However, some severe, high-prevalent and complex diseases, including spinal muscular 
atrophy (SMA), α-/β-thalassemia, 21-hydroxylase deficiency (21-OHD), and fragile-X syndrome (FXS), cannot be fully 
addressed by NGS, resulting in a high residual risk ratio. This study aims to evaluate the clinical utility of a long-read 
sequencing (LRS) panel for carrier screening of these five complex diseases.

Methods  A total of 2926 participants were retrospectively enrolled from International Peace Maternity and Child 
Health Hospital from Jan 2019 to Dec 2022. All the participants were previously screened for 149 genes correlated 
to 147 diseases by NGS. The samples were collected and analyzed with the LRS panel targeting the five complex 
diseases.

Results  LRS identified 236 carrier variants, including 54 for SMA, 113 for α-thalassemia, 19 for β-thalassemia, 47 
for 21-OHD, and three for FXS. NGS identified only 56.4% (133/236) of the variants detected by LRS. NGS failed 
to detect three SMA carriers with SMN1 intragenic variants, while reported 10 false-positive carriers for α-thalassemia 
(HKαα miscalled as -α3.7). Both 21-OHD and FXS were beyond its detection scope. NGS identified only three 
of the seven at-risk couples determined by LRS. The total estimated at-risk couple rate for 151 genes in NGS and LRS 
panels was 1.0996%. SMA, α-/β-thalassemia, 21-OHD, and FXS were among the top 30 high-prevalent diseases 
and had a combined at-risk couple rate of 0.2433%, accounting for 22.1% of the total ratio. NGS could only identify 
22.7% of the at-risk couples for the five diseases in the LRS panel.
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Background
Carrier screening is a valuable tool for identifying 
whether asymptomatic individuals or couples carry 
gene variants responsible for autosomal recessive (AR) 
or X-linked (XL) genetic diseases. The primary aim of 
reproductive carrier screening is to enable informed 
reproductive decisions. Initiated 50  years ago, car-
rier screening initially targeted individuals with a fam-
ily history of specific genetic diseases or populations at 
higher risk for certain prevalent and severe diseases, 
such as Ashkenazi Jewish for Tay-Sachs disease [1]. With 
advancements in next-generation sequencing (NGS) and 
reduced testing costs, carrier screening has evolved to 
screen for multiple diseases regardless of ethnicity [1–4]. 
The American College of Medical Genetics and Genom-
ics (ACMG) has recommended offering carrier screening 
to all pregnant patients and those planning a pregnancy 
for diseases with carrier rate of over 1/200, encompassing 
over a hundred genes [1]. NGS panels targeting dozens to 
hundreds of genes have been clinically applied for carrier 
screening, effectively reducing the incidence of severe 
diseases [3, 5–8].

However, while NGS panels enable expanded list 
of genes for carrier screening, several high-preva-
lent diseases, such as spinal muscular atrophy (SMA), 
α-thalassemia, 21-hydroxylase deficiency (21-OHD), 
and fragile-X syndrome (FXS), present technical chal-
lenges for NGS [9]. The correlated causal genes for these 
diseases, SMN1, HBA1/2, CYP21A2, and FMR1, have 
high homologous pseudogenes or modifier genes, or low 
sequence complexity like CGG repeats, making them dif-
ficult to be fully addressed by NGS. These diseases con-
tribute substantially to population risk and thus affect 
the analytical sensitivity of NGS-based carrier screening 
[9, 10]. Technology advances in experiment and bioin-
formatics of NGS have enabled the detection of SMN1 
copy number deletion and common variants of α-/β-
thalassemia [11–13]. However, residual risks remain, 
particularly for SMA carrier screening, due to challenges 
in distinguishing intragenic single-nucleotide variants 
(SNVs) and indels between SMN1 and SMN2, and in 
identifying 2 + 0 silent carriers [11, 12]. For thalassemia, 
complex structural rearrangement between HBA1 and 
HBA2 can lead to inaccurate genotyping results [14]. 
Additionally, NGS cannot distinguish between func-
tional gene CYP21A2 and its pseudogene CYP21A1P 

using probe hybridization-based target sequencing, 
which is the standard method for NGS panel-based car-
rier screening [15, 16]. For FMR1, NGS-based methods 
rely on computational algorithms to estimate rather than 
directly determine FMR1 CGG expanded alleles [17]. The 
accuracy of these algorithms needs to be further con-
firmed to be applied clinically [17].

The rapidly developing long-read sequencing (LRS) 
technologies, such as single-molecule real-time (SMRT) 
sequencing and nanopore sequencing, are gaining popu-
larity and have been applied in human genetic analysis 
[18]. LRS-based approaches have been developed for 
comprehensive genetic analysis of SMA [19, 20], thalas-
semia [21, 22], 21-OHD [23, 24], and FXS [25]. The ana-
lytic sensitivity and clinical utility of these individual 
LRS assays have been confirmed in genetic diagnosis for 
patients with clinical features suspected of these diseases, 
or in genetic screening for small cohorts [19–21, 23, 25–
30]. However, these assays have not yet been simultane-
ously applied to large-scale carrier screening.

The purpose of this study was to evaluate the clinical 
utility of LRS-based carrier screening for SMA, α-/β-
thalassemia, 21-OHD, and FXS, and to assess its benefits 
for the general population. A LRS panel targeting SMN1, 
HBA1/2, HBB, CYP21A2, and FMR1 was retrospectively 
applied to a cohort of 2926 participants who had under-
gone carrier screening with an NGS panel targeting 149 
genes associated with 147 diseases. The carrier rate and 
at-risk couple rate of the combined 151 genes in the 
NGS and LRS panels were calculated to demonstrate the 
cumulative at-risk ratio.

Methods
Study design and participants
In total, 2928 participants were retrospectively enrolled 
by International Peace Maternity and Child Health Hos-
pital based on the following inclusion criteria: (1) car-
rier screening with an NGS panel covering 149 genes 
for 147 diseases had been performed between Jan 2019 
to Dec 2022; (2) had no known or reported family his-
tory of the diseases included in the NGS or LRS panels; 
(3) informed written consent was obtained. Two partici-
pants were excluded from the study due to unqualified 
specimen (Fig. 1). This study followed the Strengthening 
the Reporting of Observational Studies in Epidemiology 
(STROBE) reporting guidelines.

Conclusions  Comprehensive carrier screening for high-prevalent diseases had higher clinical utility than expand-
ing the list of low-prevalent diseases. Incorporating LRS into the NGS carrier screening strategy would facilitate more 
effective carrier screening.
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Carrier screening of 147 diseases by NGS panel
A designed panel covering 150 individual genes were 
used to screen for 147 diseases (Additional file  1: 
Table  S1). For simplicity, α-thalassemia causal genes 
HBA1 and HBA2 were counted as one gene locus 
because large deletions could encompass both genes. 
Thus, the NGS panel covered 149 genes, including 139 
AR and 10 XL genes. Targeted NGS was performed using 
the Library Construction and Hybridization Capture Kit 
and sequencing was performed on the MGISEQ-2000 
platform (BGI, Shenzhen, China), as previously described 
[8]. The pathogenicity of variants was interpreted accord-
ing to the ACMG guidelines [31], and only pathogenic 
and likely pathogenic variants were reported. To be 
mentioned, the hotspot GJB2:c.109G > A variant, highly 
prevalent in East Asia (5.65% carrier rate in this study), 
was provided in supplemental reports for comprehensive 
genetic counseling, but excluded from high-risk carrier 

considerations due to its variable expressivity and incom-
plete penetrance [32, 33].

Carrier screening of 5 diseases by LRS panel
LRS-based carrier screening for SMA [19, 20], α- and 
β-thalassemia [21], 21-OHD [23], and FXS [25] were 
performed for each sample as previously described. 
Genomic DNA from peripheral blood was extracted with 
the Blood DNA preparation kit (Genmagbio, Chang-
zhou, China), followed by four multiplex long-range 
PCR amplification for SMN1/SMN2, HBA1/HBA2/HBB, 
CYP21A2/CYP21A1P, and FMR1 genes, respectively. 
Each PCR product was subjected to one-step end-repair 
and ligation reaction to add unique PacBio barcoded 
adaptors to get the pre-libraries. The sequencing libraries 
were prepared using the Sequel II Binding Kit 3.2 (Pacific 
Biosciences, CA, USA) and sequenced under circular 

Fig. 1  Study flowchart. FP, false positive
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consensus sequencing (CCS) mode with Sequel II/IIe 
sequencing platform (Pacific Biosciences, CA, the USA).

Post-sequencing, the raw subreads were processed 
to get high-quality CCS reads by ccs and debarcoded to 
individual reaction by lima in the SMRT Link analysis 
software suite (Pacific Biosciences, CA, the USA). The 
split CCS reads were then subjected to bioinformatics 
analysis pipelines for each disease, and the pathogenic-
ity of variants was interpreted according to the ACMG 
guidelines [31]. Particularly, α-triplicate or quadrupli-
cate were indicated in the reports, as these, when com-
pounded with β-globin gene variants, could lead to 
intermedia β-thalassemia [28]. For 21-OHD, European 
Molecular Genetics Quality Network guidelines were 
also referred to subtype the variants [34]. Samples with 
salt-wasting or simple-virilizing variants were reported 
as carriers, while non-classical variants were provided in 
supplemental reports due to milder and late-onset phe-
notype [35].

Follow‑up
If the spouse of SMA carriers had two or three copies of 
SMN1, the possibility of SMN1 2 + 0 or 3 + 0 silent car-
rier was tested with a previously described LRS-based 
haplotype approach through family trio analysis [20]. 
The pregnancy status and outcome of at-risk couples for 
21-OHD and FXS were retrospectively followed-up and 
genetic testing of the children and other family members 
were performed.

Calculation of carrier rate and at‑risk couple rate
In total, the NGS and TGS panels covered 151 genes, 
including 140 AR genes and 11 XL genes, to screen for 
149 diseases (Additional file 1: Table S2). For AR genes, 
the carrier rate was defined as the ratio of carriers among 
all participants, as no patients with biallelic variants 
were enrolled in this study. For XL genes, the carrier rate 
were calculated for females. At-risk couple was defined 
as follows: both partners carrying a pathogenic or likely 
pathogenic variant of the same AR gene, or one part-
ner carrying a variant in an XL gene. In the estimation 
model, the at-risk couple rate for AR genes was calcu-
lated as the square of the carrier rate, and for XL genes, 
it was equal to carrier rate. An exception was made for 
α-thalassemia: both α0 (two α-globin genes disrupted) 
and α+ (one α-globin gene disrupted) were considered as 
carrier variants; however, α+/α+, which cause only mild 
α-thalassemia trait, were excluded from the at-risk cou-
ple rate calculation for α-thalassemia.

Statistical analysis
Descriptive statistics, such as means and SDs, and graph-
ical representations of the data were derived using SPSS 

version 24 (IBM Corp). Carrier rate and at-risk couple 
rate were reported by percentages.

Results
Characteristics of study participants
The cohort included 2926 self-reported Han Chinese 
participants, with 828 couples, 1064 female individuals, 
and 206 male individuals (Table  1). The mean (SD) age 
of female and male participants were 31.9 (4.3) and 33.5 
(5.2) years, respectively. Of the 1892 female participants, 
1396 were not pregnant, while 496 were at early preg-
nancy with a mean (SD) gestational age of 10 (1.5) weeks. 
All samples had genetic screening results that passed 
quality control for both NGS and LRS panels.

Carriers identified by the LRS panel
The LRS panel targeting five complex genes identi-
fied 236 carrier variants, including 54 (1.85%) for 
SMA, 113 (3.86%) for α-thalassemia, 19 (0.65%) for 
β-thalassemia, 47 (1.61%) for 21-OHD, and 3 (0.16%) 
for FXS (Table  1). Among the 54 SMA carriers identi-
fied by LRS, NGS identified 51 SMN1 deletions (94.4%, 
51/54), but failed to identify three SNVs/indels. For the 
11 SMA carrier families that had trio samples avail-
able, LRS haplotype analysis confirmed that none of the 
11 spouses were SMA silent carriers (Additional file  1: 
Fig. S1). For α-thalassemia, LRS detected 16 α0 variants 
and 47 α+ variants, as well as 49 α-triplications and one 
α-quadruplication. While NGS identified all 63 α0 and 
α+ variants called by LRS, it failed to identified extra 
α-globin copies, and erroneously called all the 10 func-
tionally normal structural variation HKαα as -α3.7 (Addi-
tional file  1: Fig. S2), resulting in an error rate of 13.7% 
(10/73) among positive samples. For β-thalassemia, LRS 
and NGS had concordant results. 21-OHD and FXS were 
beyond the detection scope of NGS due to the limitations 
of short sequencing reads. Consequently, for the five dis-
eases with complex molecular genetics, NGS identified 
only 56.4% (133/236) of the carriers detected by the LRS 
panel, meanwhile reported 10 false-positive carriers for 
α-thalassemia.

SMA, α-thalassemia, and β-thalassemia were screened 
by both LRS and NGS, and 196 carriers were identified 
in total, with concordance rates of 94.4% (51/54), 51.2% 
(63/123), and 100% (19/19) for SMA, α-thalassemia, 
and β-thalassemia, respectively (Table  1). For SMA, the 
sensitivity and specificity of NGS were 94.4% (95% con-
fidence interval (CI): 83.7–98.6%) and 100% (95% CI: 
99.8–100%). For α-thalassemia, the sensitivity and speci-
ficity of NGS were 55.8% (95% CI: 46.1–65.0%) and 99.6% 
(95% CI: 99.3–99.8%). Both LRS and NGS had 100% of 
sensitivity and 100% of β-thalassemia.



Page 5 of 12Li et al. Journal of Translational Medicine          (2025) 23:307 	

Table 1  SMA, α-/β-thalassemia, 21-OHD, and FXS carriers identified by LRS and NGS panels from the 2926 participants

a, HKαα was misdiagnosed as -α3.7 by NGS; b, false-positive carriers identified by NGS; NA, not applicable (not in the detection scope)

Disease Gene Variant Carriers of the variant Carriers of the gene

LRS NGS LRS NGS

SMA SMN1 Deletion 51 51 54 51

c.22dupA 1 0

c.274-1G > A 1 0

c.689C > T 1 0

α-thalassemia HBA1, HBA2 HBA2:c.342delC (α+) 1 1 63 63

HBA2:c.369C > G (α+) 1 1

HBA2:c.427 T > C (α+) 1 1
--SEA (α0) 15 15

--THAI (α0) 1 1

-α27.6 (α+) 1 1

-α3.7 (α+) 37 37

-α4.2 (α+) 6 6

False positive -α3.7a 0 10b 0 10b

αααanti3.7 29 0 50 0

αααanti4.2 20 0

ααααanti4.2 1 0

β-thalassemia HBB c.−78A > G 2 2 19 19

c.17_18delCT 1 1

c.52A > T 2 2

c.79G > A 2 2

c.92 + 5G > C 1 1

c.126_129delCTTT​ 5 5

c.316-197C > T 6 6

21-OHD CYP21A2 30 kb deletion: CYP21A1P/A2-CH-1 5 NA 47 NA

30 kb deletion: CYP21A1P/A2-CH-2 1

30 kb deletion: CYP21A1P/A2-CH-3 3

30 kb deletion: CYP21A1P/A2-CH-4 1

30 kb deletion: CYP21A1P/A2-CH-8 1

30 kb deletion: CYP21A1P/A2-CH-9 1

30 kb deletion: TNXA/TNXB-CH-1 2

c.124C > T 1

c.293-13C/A > G 13

c.518T > A 6

c.923dupT 1

c.955C > T 2

c.1069C > T 2

c.1306C > T 2

c.1451_1452delinsC 2

E6_cluster, c.923dupT 1

c.923dupT, c.955C > T, c.1069C > T 1

c.955C > T, c.1069C > T 2

FXS FMR1 CGG 23 / 59 repeats 1 NA 3 NA

CGG 36 / 79 repeats 1

CGG 29 / 140 / 168 repeats 1

Total 236 133 + 10b
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At‑risk couples identified by the LRS panel
The LRS panel identified seven at-risk couples for the five 
complex diseases (Table 2). Both LRS and NGS identified 
the one at-risk family for SMA, and two at-risk families 
for α-thalassemia. Additionally, LRS identified four at-
risk couples that were not in the detection scope of NGS, 
including three for FXS and one for 21-OHD. For the five 
complex diseases in the LRS panel, NGS identified only 
42.9% (3/7) of the at-risk couples.

Follow up of the couples for the five diseases screened 
by LRS
The pregnancy status and outcomes of all the 828 couples 
including 7 at-risk couples for the five diseases identified 
by LRS were followed up (Table  2). For family CS01 at-
risk for SMA, prenatal diagnosis was performed for the 
first pregnancy and the fetus had homozygous SMN1 
deletion, thus the pregnancy was terminated. The cou-
ple was seeking for assisted reproduction technology for 
a second pregnancy. Both family CS02 and CS03 were 
at-risk for α-thalassemia. Family CS02 was not preg-
nant yet at the time of follow-up. Family CS03 did pre-
natal diagnosis for the fetus, who had normal genotype 
for α-globin genes and was normally delivered. For the 
four at-risk families additionally identified by LRS, LRS-
based 21-OHD or FXS genetic testing were performed 
for the children and available family members. In family 
CS04, both partners carried the heterozygous salt-wast-
ing variant CYP21A2:c.293-13C/A > G, making them at-
risk of having a child with classical 21-OHD. LRS-based 
21-OHD genetic testing revealed that their one-year-old 
child also had heterozygous CYP21A2:c.293-13C/A > G 
(Fig. 2A). In family CS05, the premutation allele with 59 
CGG repeats and 2 AGG interruptions of the mother did 
not transmit to the daughter, who had two normal FMR1 
alleles (Fig. 2B). In family CS06, the mother had an FMR1 
premutation allele with 79 CGG repeats, and the father 
had a normal FMR1 allele with 29 CGG repeats. Their 
son, diagnosed with developmental delay at two years 

old, was found by LRS to have a mosaic FMR1 with both 
70 and 415 CGG repeats (Fig.  2C). The couple would 
plan to perform prenatal diagnosis for a second preg-
nancy. Family CS07 had a six-month-old son at the time 
of follow-up who did not show any clinical symptoms. 
FXS LRS showed that he had an FMR1 full mutation with 
mosaic 309 and 509 CGG repeats (Fig. 2D). Genetic test-
ing of the maternal grandparents showed that the grand-
father had an FMR1 premutation allele with 110 CGG 
repeats, which expanded to mosaic 140/168 repeats dur-
ing transmission to the mother, and further expanded to 
full mutation during transmission to the child (Fig. 2D). 
The allele did not have any AGG interruptions. The cou-
ple planned to seek for assisted reproduction technology 
to have a second child. For the other 821 couples not at-
risk of the five diseases, 756 were successfully followed, 
out of which 538 had one child and 86 had two children 
at the time of follow up. None of the children had any 
clinical symptoms of SMA, α-thalassemia, β-thalassemia, 
21-OHD, and FXS.

Model of at‑risk couple rate for the diseases in LRS 
and NGS panels
Collectively, the LRS and NGS panels targeted 151 
genes, including 140 AR genes and 11 XL genes. 
Among the AR genes, 30 had a carrier rate over 1/200, 
including five over 1/50, 10 between 1/50 and 1/100, 
and 15 between 1/100 and 1/200 (Additional file  1: 
Table  S2). Of note, as the carrier rate of AR genes 
decreased, the at-risk couple rate decreased dramati-
cally (Fig. 3A). There was a total of 49 AR and XL genes 
that had at-risk couple rate over 1/100,000 (Table  3). 
For the 151 genes, the combined at-risk couple rate 
was 1.0996%. The cumulative ratios for the top 10, 20, 
50 and 100 genes were 0.7732%, 0.9710%, 1.0798% and 
1.0988%, accounting for 70.3%, 88.3%, 98.2%, 99.9% of 
the total ratio, respectively (Fig.  3B). FXS and DMD 
had the highest at-risk couple rate at 0.1586%, while 
SMA, 21-OHD, α-thalassemia, and β-thalassemia were 

Table 2  At-risk couples identified for the 5 genes in the LRS panel

Disease Gene Inheritance 
pattern

Family Variants Gender Panel At-risk 
couples

SMA SMN1 AR CS01 Deletion; Deletion M; F LRS, NGS 3

α-Thalassemia HBA1, HBA2 AR CS02 --THAI; HBA2:c.427T > C M; F

CS03 --SEA; --SEA M; F

21-OHD CYP21A2 AR CS04 c.293-13C/A > G; c.293-13C/A > G M; F LRS 4

FXS FMR1 XL CS05 CGG 23 / 59 repeats F

CS06 CGG 36 / 79 repeats F

CS07 CGG 29 / 140 / 168 repeats F

Total 7
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among the top 30, with at-risk couple rate of 0.0341%, 
0.0258%, 0.0206%, and 0.0042%, respectively. The com-
bined at-risk couple rate for the five genes in the LRS 
panel was 0.2433%, accounting for 22.1% of the total 
rate. NGS could only identify 22.7% of the at-risk cou-
ples for the five diseases in the LRS panel. This cumu-
lative study highlighted the importance of performing 
comprehensive carrier screening for genes with high 
carrier rates and at-risk couple rates.

Discussion
The development of NGS techniques have enabled car-
rier screening with expanded panels containing hun-
dreds of diseases. However, some high-prevalent and 
complex diseases, including SMA, α-/β-thalassemia, 
21-OHD, and FXS, could not be effectively screened 
by NGS due to limited read length. This retrospective 
study demonstrated that comprehensively addressing 
these complex diseases had much higher clinical yield 

Fig. 2  Follow-up of at-risk couples additionally identified by the LRS panel. A Integrative genomics viewer plots displaying the heterozygous 
CYP21A2:c.293-13C/A > G variant of father, mother and child in family CS04. B–D Waterfall plots showing FMR1 CGG repeats and AGG interruptions 
of members in family CS05 (B), CS06 (C), and CS07 (D). The FMR1 premutation allele in family CS05 was not inherited to the child. The FMR1 
premutation allele in family CS06 was expanded to mosaic pre- and full mutation during transmission. In family CS07, the FMR1 premutation 
allele with 110 CGG repeats were expanded to mosaic 140/168 repeats during transmission to the mother, and further expanded to full mutation 
during transmission to the child
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compared to add more genes with low carrier rate. An 
LRS panel targeting these five diseases was applied for 
carrier screening in a cohort of 2926 participants who 
had also undergone NGS-based carrier screening. 
Overall, NGS identified only 56.4% (133/236) of the 
carriers identified by LRS, and 42.9% (3/7) of the at-risk 
couples in the cohort identified by LRS.

Compared to NGS, LRS additionally identified three 
SMA carriers with SNVs/indels and demonstrated its 
ability to determine whether a participant with normal 
SMN1 copy number was a silent carrier. LRS could suc-
cessfully identify the structural rearrangements caused 
by homologous recombination in HBA1/2. It accu-
rately called all the 10 samples with functionally normal 

Fig. 3  Carrier rate and at-risk couple rate for the genes in the LRS and NGS panels. A Carrier rate and at-risk couple rate for the 140 AR genes. B 
Cumulative at-risk couple rate for all the 151 genes, with top 20 genes labeled in the plot
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Table 3  List of diseases and genes with estimated at-risk couple rate over 1/100,000

No Diseases Gene Inheritance 
pattern

Carriers Carrier rate % At-risk 
couple rate 
%

1 Duchenne Muscular Dystrophy DMD XL 3 0.1586 0.1586

2 Fragile-X syndrome FMR1 XL 3 0.1586 0.1586

3 Autosomal Recessive Deafness 1A GJB2 AR 86 2.9392 0.0864

4 Wilson Disease ATP7B AR 73 2.4949 0.0622

5 Autosomal Recessive Deafness 4, with Enlarged Vestibular Aqueduct SLC26A4 AR 68 2.3240 0.0540

6 X-Linked Hypohidrotic Ectodermal Dysplasia EDA XL 1 0.0529 0.0529

7 Hemophilia B F9 XL 1 0.0529 0.0529

8 Fabry Disease GLA XL 1 0.0529 0.0529

9 Mucopolysaccharidosis II IDS XL 1 0.0529 0.0529

10 Phenylketonuria PAH AR 60 2.0506 0.0420

11 Spinal Muscular Atrophy SMN1 AR 54 1.8455 0.0341

12 Krabbe Disease GALC AR 48 1.6405 0.0269

13 21-hydroxylase deficiency CYP21A2 AR 47 1.6063 0.0258

14 α-thalassemia HBA1, HBA2 AR 63 2.1531 0.0206

15 Primary Carnitine Deficiency SLC22A5 AR 41 1.4012 0.0196

16 Hemophagocytic lymphohistiocytosis, familial, 2 PRF1 AR 37 1.2645 0.0160

17 Oculocutaneous Albinism Type IA and IB TYR​ AR 35 1.1962 0.0143

18 Sitosterolemia 2 ABCG5 AR 34 1.1620 0.0135

19 Glycogen Storage Disease Type II GAA​ AR 34 1.1620 0.0135

20 Methylmalonic Aciduria and Homocystinuria cblC type MMACHC AR 34 1.1620 0.0135

21 Glutaric acidemia IIC ETFDH AR 33 1.1278 0.0127

22 MUT-Related Methylmalonic Acidemia MMUT AR 29 0.9911 0.0098

23 Oculocutaneous Albinism Type 2 OCA2 AR 29 0.9911 0.0098

24 Cystic Fibrosis CFTR AR 26 0.8886 0.0079

25 Glycogen Storage Disease Type Ia G6PC AR 24 0.8202 0.0067

26 Hemophagocytic lymphohistiocytosis, familial, 3 UNC13D AR 24 0.8202 0.0067

27 β-hemoglobinopathies (including β-thalassemia and sickle cell disease) HBB AR 19 0.6494 0.0042

28 Smith-Lemli-Opitz syndrome DHCR7 AR 19 0.6494 0.0042

29 Short-chain acyl-CoA dehydrogenase deficiency (SCAD deficiency) ACADS AR 18 0.6152 0.0038

30 Hypophosphatasia, infantile and childhood ALPL AR 17 0.5810 0.0034

31 Limb-girdle muscular dystrophy type 2, subtypes 2A CAPN3 AR 17 0.5810 0.0034

32 Megalencephalic Leukoencephalopathy with Subcortical Cysts 1 MLC1 AR 17 0.5810 0.0034

33 Joubert syndrome 5, Meckel Syndrome 4 CEP290 AR 16 0.5468 0.0030

34 Limb-Girdle Muscular Dystrophy type 2B DYSF AR 16 0.5468 0.0030

35 Nephrotic syndrome, type 1 NPHS1 AR 16 0.5468 0.0030

36 Oculocutaneous Albinism Type 4 SLC45A2 AR 16 0.5468 0.0030

37 Medium-chain acyl-CoA dehydrogenase deficiency ACADM AR 14 0.4785 0.0023

38 Ellis-van Creveld Syndrome EVC2 AR 14 0.4785 0.0023

39 TMEM67-related disorders TMEM67 AR 14 0.4785 0.0023

40 Alport syndrome 2, autosomal recessive COL4A4 AR 13 0.4443 0.0020

41 Niemann-Pick Disease Type C1 and D NPC1 AR 12 0.4101 0.0017

42 Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency ACADVL AR 10 0.3418 0.0012

43 Joubert syndrome 3 AHI1 AR 10 0.3418 0.0012

44 Biotinidase Deficiency BTD AR 10 0.3418 0.0012

45 Autosomal Recessive Epidermolysis Bullosa Dystrophica COL7A1 AR 10 0.3418 0.0012

46 Joubert Syndrome 17 CPLANE1 AR 10 0.3418 0.0012

47 Hermansky-Pudlak Syndrome 3 HPS3 AR 10 0.3418 0.0012

48 Propionicacidemia PCCB AR 10 0.3418 0.0012
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variant HKαα, which NGS miscalled as -α3.7. Moreover, 
50 participants with α-triplicate or quadruplicate were 
identified by LRS. β-thalassemia intermedia caused by 
heterozygous β-globin gene variant co-inherited with 
α-triplicate or quadruplicate could be clinically heteroge-
neous, ranging from asymptotic to transfusion depend-
ent thalassemia [36]. However, there are higher needs for 
blood transfusion in women, especially during pregnancy 
or delivery [36]. This is particularly important for regions 
with high-prevalence of β-thalassemia.

Particularly, LRS identified four at-risk couples for 
21-OHD and FXS. The LRS genetic testing results and 
associated pregnancy risks were informed to all the 
four families for future reproductive options. To be 
mentioned, carrier screening for FXS mainly focuses 
on female premutation carriers, as the CGG premuta-
tion alleles are transmitted from fathers to daughters in 
a relatively stable manner and can also contract, though 
in very rare cases they can also expand to full mutation 
[37]. In family CS07, the grandfather’s 110 CGG repeats 
expanded to mosaic 140/168 repeats during transmis-
sion to the mother and further expanded to a full muta-
tion in the next generation, highlighting the importance 
of screening for male premutation carriers as well. These 
results demonstrated the high analytic sensitivity and 
clinical utility of LRS-based carrier screening for diseases 
with challenging sequence features.

The cumulative carrier rate was 52.2032%, and at-risk 
couple rate was 1.0996%. For the 140 AR genes, only 30 
had carrier rate over 1/200. In total, 49 AR and XL genes 
had an at-risk couple rate of over 1/100,000. The cumula-
tive at-risk ratio of these 49 genes was 1.0789%, account-
ing for 98.1% of the total ratio. The five diseases in LRS 
panel had a combined at-risk couple rate of 0.2433%, 
accounting for 22.1% of the total ratio, while NGS could 
only identify 22.7% of these at-risk couples. This demon-
strated that instead of adding more genes with low car-
rier rate, the more effective approach should be increase 
the detection rate of genes with high carrier rate.

With the same carrier rate, XL diseases have much 
higher at-risk couple rate than AR diseases, thus it is 
particularly important to perform carrier screening for 
XL genes. XL gene F8 also has complicated molecular 
genetics due to inversions caused by homologous recom-
bination. Approximately 40–50% of F8 disease-causing 
variants were inversions of intron 22 and intron 1, which 

were beyond the detection scope of NGS but could be 
addressed by LRS [38]. Including these molecular chal-
lenging genes would further facilitate effective carrier 
screening.

Though the main purpose of carrier screening is for 
the management of reproductive risk, incidental molec-
ular diagnosis could identify variants in genes that may 
confer increased risk for adult-onset conditions [39]. 
NGS identified that two individuals had two variants of 
GJB2. One had homozygous GJB2:c.109G > A, and the 
other had both GJB2:c.109G > A and GJB2:c.235delC. 
LRS identified that one individual had CYP21A2 geno-
type (c.[−126C > T, c.−113G > A]/E6cluster, c.923dup) 
correlated to non-classical 21-OHD. Additionally, three 
females carried premutation alleles with CGG repeat of 
59, 79, and 140/168, respectively. These individuals might 
be at increased risk of fragile-X-associated conditions.

While SMA, α-thalassemia, and β-thalassemia could 
be screened by both LRS and NGS (though NGS had 
lower assay performance), 21-OHD and FXS could only 
be effectively screened by LRS. Currently, multiplex 
ligation-dependent probe amplification combined with 
Sanger sequencing is employed for genetic diagnosis of 
21-OHD [29]. However, this approach is methodologi-
cally complicated and not feasible for large-scale genetic 
carrier screening. While PCR-capillary electrophoresis 
method could be used for FXS carrier screening [40], it 
is difficult to screen for a panel of genes with the same 
platform. In the present study, the LRS sequencing librar-
ies for SMA, α-/β-thalassemia, 21-OHD, and FXS were 
prepared separately and pooled for sequencing, with cost 
of approximately 100 US dollars per sample, and turna-
round time of 8 days. Developing assays that can perform 
sequencing library for all the five diseases simultaneously 
could possibly decrease the cost per sample to about 50 
US dollars. With the increase of LRS throughput and 
decrease of sequencing cost, there would be high finan-
cial and operational feasibility of LRS application in clini-
cal setting for screening both complex and non-complex 
monogenic diseases.

There are several limitations of this study. First, this 
is a retrospective, single-center study conducted in 
Shanghai, and the carrier rate of some genes may vary 
geographically. For instance, this cohort has much 
lower carrier rate of α- and β-thalassemia compared to 
southern cities in China [21]. Second, some XL genes 

Table 3  (continued)

No Diseases Gene Inheritance 
pattern

Carriers Carrier rate % At-risk 
couple rate 
%

49 Hyperphenylalaninemia, BH4-deficient, A PTS AR 10 0.3418 0.0012
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only have one carrier identified each due to limited 
number of participants. Future prospective, multi-
center, large-scale clinical studies are warranted to get 
more accurate calculation of carrier rate and at-risk 
couple rate in different areas of Chinese population.

Conclusions
LRS has demonstrated high clinical utility for carrier 
screening of molecular challenging diseases, includ-
ing SMA, α-/β-thalassemia, 21-OHD, and FXS, which 
has much better clinical yield than expanding the NGS 
panels to include more low-prevalent diseases. Incor-
porating LRS panel into the current NGS panel-based 
carrier screening program will facilitate more effective 
carrier screening and assist for informed reproduction 
decision.
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